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1 . 0  INTRODUCTION 

Previous  memoranda desc r ibed  t h e  A i r  Force 
sponsored s t u d i e s  on H 2 / 0 2  Orbi t - to-Orbi t  S h u t t l e s  (OOS), 

a p ropu l s ion  module i n  many ways s i m i l a r  t o  t h e  NASA Space 
Tug concept .  I t  w a s  repor ted  t h a t  t h e  A i r  Force Space and 
Missiles Systems Organiza t ion  (SAMSO) had both  t h e  North 
American Rockwell Space Div is ion  (NAR/SD) and t h e  McDonnell 
Douglas As t ronau t i c s  under c o n t r a c t  t o  perform v e h i c l e  
systems s t u d i e s .  I n  d i r e c t  suppor t  of t h e s e  s t u d i e s ,  t h e  
A i r  Force Rocket Propuls ion  Laboratory (RPL) has  t h e  
Rocketdyne Div is ion  of North American Rockwell ( R K D ) ,  t h e  
Aerojet Liquid  Rocket Company (ALRC) and t h e  P r a t t  and 
Whitney A i r c r a f t  Company (P&W) under c o n t r a c t  t o  d e f i n e  
t h e  c h a r a c t e r i s t i c s  of  t h e  high performance H 2 / 0 2  main 
propuls ion  f o r  t h e  00s. I n i t i a l l y ,  t h e  c o n t r a c t s  w e r e  
worth approximately $ 5 0 0 , 0 0 0  each  and r e q u i r e d  d e r i v a t i o n  
of pa rame t r i c  d a t a  for  cand ida te  b e l l  nozz le  r o c k e t  engine  
c y c l e s  over  a 8000-to-50,000 l b  t h r u s t  range  and an i n -  
depth  p o i n t  des ign  a t  t h e  25 ,000  l b  t h r u s t  l e v e l  of t h e  
b e s t  candidate c y c i e  as determined by t h e  r e s u l t s  or' t h e  
t w o  SAMSO v e h i c l e  s t u d i e s .  As a r e s u l t  o f  t h e  v e h i c l e  
trade s t u d i e s ,  RPL chose v a r i a t i o n s  of  a h igh  p r e s s u r e  
topping  c y c l e  f o r  d e t a i l  des ign .  

I C .  Bendersky, "AF/OOS Propuls ion  R e v i e w s ,  Los Angeles , 
C a l i f o r n i a ,  June  23-24, 1971", Memorandum f o r  F i l e  B71 07040, 
Case 237, J u l y  28, 1 9 7 1 .  

NASA Space Tug S t u d i e s " ,  Memorandum f o r  F i l e  B71 05017, 
C a s e  105-4 ,  May 1 8 ,  1971. 
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NASA has  become i n t e r e s t e d  i n  a h igh  performance 
H 2 / 0 2  engine  having approximately 1 0 , 0 0 0  l b  of t h r u s t .  
s i z e  eng ine ,  used s i n g l y  o r  c l u s t e r e d  i n  a mul t i -engine  
c o n f i g u r a t i o n ,  has  p o t e n t i a l  f o r  use  i n  NASA Tug, OSSA 
Versat i le  Upper S tage  ( W S )  or Space S h u t t l e  o n - o r b i t  
maneuvering a p p l i c a t i o n s .  A s  a r e s u l t ,  OMSF provided 
$ 5 0 , 0 0 0  t o  each c o n t r a c t o r  t o  perform a p o i n t  des ign  a t  
1 0 , 0 0 0  l b  t h r u s t  t o  t h e  same depth as w a s  performed i n  t h e  
RPL 25,000 l b  t h r u s t  engine des igns .  This  added t a s k  i s  
be ing  adminis te red  by RPL. 

This 

The c h a r a c t e r i s t i c s  of t h e  t h r e e  2 5 , 0 0 0  l b  engine 
p o i n t  des ign  w e r e  reviewed and t h e  1 0 , 0 0 0  l b  t h r u s t  engine 
t a s k s  w e r e  i n i t i a t e d  du r ing  meetings h e l d  on September 1 3  
a t  RKD Canoga P a r k ,  C a l i f o r n i a ,  on September 1 4  a t  ALRC 
Sacramento, C a l i f o r n i a  and on September 1 6  a t  P&W West Palm 
Beach, F l o r i d a .  This  memorandum d e s c r i b e s  t h e  p r e s e n t a t i o n s .  

2 . 0  DISCUSSION 

2 . 1  25,000 l b  Thrus t  Encrine Conf i au ra t ions  

The 25,000 l b  vacuum t h r u s t  engine  concepts  selected 
f o r  d e t a i l  des ign  w e r e  a l l  v a r i a t i o n s  of t h e  h igh  p r e s s u r e  
s t a g e d  combustion c y c l e .  The engine  i s  r e q u i r e d  t o  o p e r a t e  a t  
a mixture  r a t i o  (MR) of 6 f: 0.5 ,  over  a 5 : l  t h r o t t l i n g  range 
and i s  l e n g t h  c o n s t r a i n e d .  Reusable engine  l i f e t i m e s  of 
1 0  hour s ,  6 0  s tarts and 300  thermal c y c l e s  w e r e  s p e c i f i e d .  

The RKD des ign  i s  based on t h e  f e a t u r e s  of t h e  main 
p ropu l s ion  engine  des ign  w h i c h  won t h e  r e c e n t  Space S h u t t l e  
compet i t ion .  The c o n f i g u r a t i o n  employs a s e p a r a t e  o r  i n d i v i d u a l  
p reburne r  f o r  powering each of t h e  two turbopumps. Sepa ra t e  
b o o s t  pumps d r i v e n  by hea ted  H2 from t h e  nozz le  s k i r t  are 
provided t o  meet n e t  p o s i t i v e  s u c t i o n  p r e s s u r e  (NPSP) s p e c i f i c a -  
t i o n s .  
cooled .  The main chamber i s  made of m i l l e d  NARLOY-Z channe l s ,  
ar?d t h e  ~ozzle i s  made of tapered n i c k e l  tubing. 
i n j e c t o r  i s  s i m i l a r  t o  t h a t  of t h e  J - 2 ,  and it i s  provided w i t h  
a c o u s t i c  abso rbe r s  t o  enhance t h e  i n h e r e n t  combustion s t a b i l i t y  
of t h e  des ign .  Performance i s  e s t ima ted  t o  be 473.7 seconds 
of I a t  a chamber p r e s s u r e  ( P c )  of 2200  p s i a ,  MR = 6.0 and 

SP 
an expansion r a t i o  ( E )  of 350:l. The engine  dry  weight  estimate 
w a s  393 l b .  

The main combustion chamber and nozz le  are r e g e n e r a t i v e l y  

The main 
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The ALRC c o n f i g u r a t i o n  has  a s i n g l e  preburner  t o  
d r i v e  both  turbopumps. Low speed induce r s  a r e  b u i l t  i n t o  
t h e  turbopump and so s e p a r a t e  b o o s t  pumps are n o t  needed. 
The LO2 pump i s  a t w o  s t a g e  s p l i t  f low des ign  i n  which t h e  
f i r s t  s t a g e  pumps about  80% of t h e  flow t o  t h e  main combus- 
t i o n  chamber and t h e  second s t a g e  pumps approximately 20% 
of t h e  LO2 flow rate  t o  t h e  h ighe r  p r e s s u r e  l e v e l  r e q u i r e d  
by t h e  preburner .  The t h r u s t  chamber i s  s i m i l a r  t o  t h e  RKD 
concept  excep t  t h a t  ZrCu i s  used i n  t h e  mi l l ed  s l o t  chamber 
and Armco 22-13-5 i n  t h e  t u b u l a r  nozz le .  Both p r e  and main 
combustor i n j e c t o r s  are designed to  provide  s u p e r c r i t i c a l  tempera- 
t u r e  ( e s s e n t i a l l y  gaseous)  O2 a t  t h e  combustion p l ane .  The 
combustion processes  a r e  t h e r e f o r e  gas/gas and easier t o  
c o n t r o l  and t h r o t t l e  e f f i c i e n t l y .  F a b r i c a t i o n  of t h e s e  
i n j e c t o r s ,  however, r e q u i r e s  advanced technology development. 
The preburner  i s  provided with an a c o u s t i c  r e s o n a t o r ,  i n t e g r a l  
w i t h  t h e  preburner  chamber, t o  provide  a combustion s t a b i l i t y  
margin. 

The ALRC performance i s  estimated t o  be 4 7 1  seconds 
of I a t  a nominal MR = 6 ,  P c  = 1800 p s i a  and E = 290 .  The 
engine  system weight  w a s  e s t ima ted  t o  be 459 l b .  

SP 

The P&W v e r s i o n  of t h e  s t a g e d  combustion c y c l e  i s  
c a l l e d  an "augmented expander c y c l e " .  I n  r e a l i t y  t h e  flow 
schemat ic  i s  s i m i l a r  t o  t h a t  of ALRC. The c o n f i g u r a t i o n  has  
a s i n g l e  preburner  d r i v i n g  dua l  turbopumps. Sepa ra t e  b o o s t  
pumps, gea r  d r iven  from t h e  LO2 t u r b i n e ,  p rovide  r e q u i r e d  NPSP. 
The LO2 pump i s  a two s t a g e  s p l i t  flow type  s i m i l a r  t o  t h e  
ALRC des ign .  The t h r u s t  chamber has  t h r e e  sect ions.  The 
chamber i s  m i l l e d - s l o t  AMSIRC and e l e c t r o  formed n i c k e l ,  t h e  
c e n t r a l  p o r t i o n  i s  t u b u l a r  Inconel  625, and t h e  downstream 
p o r t i o n  i s  a dump cooled Inconel  625 co r ruga ted  nozz le .  The 
chamber and t u b u l a r  nozz le  are r e g e n e r a t i v e l y  cooled and t h e  
hea ted  hydrogen i s  f ed  d i r e c t l y  t o  t h e  preburner  o r  augmentor 
a s  it i s  c a l l e d  by P&W. The main and preburner  des igns  are 
d e r i v e d  from t h e  exper ience  gained i n  t h e  A / F  XLR129P-1 
program. 

The P&W performance i s  es t ima ted  t o  be 465 seconds 
of I a t  a nominal MR = 6 ,  P c  = 1 9 0 0  and E = 2 9 0 .  The t o t a l  
d r y  engine  weight  w a s  e s t ima ted  t o  be 425 l b .  I t  w a s  s t a t e d  
t h a t  a l igh t -weight  r edes ign  s tudy  r e s u l t e d  i n  a reduced 
weight  e s t i m a t e  of 375.2 l b .  

SP 
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2 .2  C o s t  E s t i m a t e s  

The s tudy  requirements  c a l l e d  f o r  c o s t i n g  a n a l y s i s .  
RKD and ACRC provided p re l imina ry  cost estimates based on a 
n ine  yea r  r e s e a r c h  and development program. The f i r s t  f i v e  
y e a r s  i s  an advanced development program (ADP) having t h e  
o b j e c t i v e  of f a b r i c a t i n g  and t e s t i n g  a demonstrator  engine  
de f ined  a s  f l i g h t  t ype  b u t  not f l i g h t  weight .  P&W provided 
a cost  estimate f o r  a convent iona l  development program. 
A summary of t h e  p re l imina ry  r e s u l t s  are p resen ted  below. 

Demonstrator Development F i r s t  Product ion  
Program Engine Unit  

RKD $32,000,000 $117,000,000 $887,000 

ALRC $ 1 8 , 0 0 0 , 0 0 0  $44,700,000 $ 8 3 1 , 0 0 0  

P&W -- $ 1 2 4 , 0 0 0 , 0 0 0  N o t  Avai l .  

I t  w a s  g e n e r a l l y  agreed t h a t  e a r l y  commitment t o  
a f u l l  development program o m i t t i n g  t h e  ADP would n o t  i n c r e a s e  
t h e  t o t a l  estimated cost of t h e  program. 

2.3 1 0 , 0 0 0  l b  Thrus t  Engine Task 

There w e r e  gene ra l  d i s c u s s i o n s  wi th  each c o n t r a c t o r  
t o  see i f  any s i g n i f i c a n t  changes i n  s tudy  ground r u l e s  would 
be d e s i r e d  a t  t h e  lower t h r u s t  engine  s i z e .  None evolved.  

Each of  t h e  c o n t r a c t o r s  s t a t e d  t h a t  t h e  major 
a n t i c i p a t e d  des ign  problems would be i n  t h e  turbomachinery 
area. Clearances and tolerances become q u i t e  s m a l l  wi th  
such a s m a l l  engine and i ts  f a b r i c a t i o n  might no t  be 
adap tab le  t o  convent iona l  product ion  t o o l i n g .  Development 
c o s t s  of t h e  smaller engine were expected t o  be  about  t h e  
same as t h a t  f o r  t h e  25,000 l b  t h r u s t  engine.  This  t a s k  
w i l l  be completed by t h e  end of 1971 .  
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3 . 0  REMARKS 

Of t h e  t h r e e  des igns ,  t h e  ALRC v e r s i o n  r e q u i r e s  t h e  
m o s t  advanced technology;  t h e  RKD and P&W are comparat ive,  
w i t h  t h e  P&W approach s l i g h t l y  more conse rva t ive .  

The performance e s t i m a t e s  are c o n s i s t e n t  w i t h  s t a t e  
of t h e  a r t  t r e n d s  of P c  and e .  The l o w e r  P & W  performance i s  
due t o  bo th  a lower assumed combustion e f f i c i e n c y  and losses 
caused by dump coo l ing  t h e  nozzle  s k i r t .  The engine  weights  
are n o t  comparable p r i m a r i l y  because of t h e  c o n t r a c t o r  d i f -  
f e r e n c e s  of  i n t e r p r e t a t i o n s  a s  t o  what components t h e  engine  
manufacturer  d e l i v e r s .  Neve r the l e s s ,  t h e  P&W concept  would 
be expec ted  t o  be s l i g h t l y  l i g h t e r  because of t h e  dump cooled  
s k i r t ,  t h e  s p l i t  f low LO2 pump and t h e  gea r  d r i v e n  boos t  
pumps. The P&W l i g h t w e i g h t  design concept  weighing 375 l b  
appears  s l i g h t l y  o p t i m i s t i c .  

The ALRC design,which r e q u i r e s  t h e  most advanced 
technology, w a s  p r i c e d  a t  approximately 30 p e r c e n t  of  t h a t  of 
RKD and P & W .  The m a x i m  t h a t  t h e  less known about  a system 
t h e  less it i s  be l i eved  t o  c o s t  i s  aga in  brought  t o  mind. 
I t  would appear  t h a t  both t h e  RKD and P&W d e s i g n s  are competi- 
t i v e  based on t h e  depth  of d a t a  p re sen ted .  

1011-CB-jf v C. Bendersky 
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